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Compact Free-Electron Laser

at the Los Alamos National Laboratory*

K. C. D. Chan, K. Meier, D. Nguyen, R. Sheffield.
T-S Wang, R. W. Warren, W. Wilson, and L. Young

Los AkunOS N~onud Laboratory
MS H825, LOS Akmlos, Nh4 87545,

ABSTRACT

The design and construction of a semnd-generation Eree-elaron laser (FEL) system at Los Alarnos w111be dcscnhci-i,
Comprising state-of-tie art components, his FEL systcm will lx sufflclersdy compact, robust, and user-t’r-wndly ior Jppl ILJLI~III 11~

mduxry, md.icinc, and research.

1. 1NTRODUCTION

We inhiated the Advanced Frez-Elea.ron Ixer (AFEL) project aI Ihe hs Alarms Nm.ions.lLakrauxy [o bulk! o ic~(m(i.
genemt.ion free-electron-laser (FEL) system. Our goal is to demonstme hat an FEL that is suitable for Industnal, mcdlcd, ml
research applications can be builL State-f-the-m components will be incorpotmed $xI that the FEL system wdl Ix comp.i~I In
sue, robusL and user biend.fy. The syslem wdf later b usaf to research and develop MIvancal FEL componcn~, such &\ cl~’~(rt]fl
sources, wiggler-magnet arrays, optical systems, diagnostics, and cormol systems.

In the initi FEL system, a 20-MeV high-brightness fxarn will be injected into a 15-pried conventional wiggler 10 pr{~tlu~.,
nominal 3,7.p.m f.ighl. We will incorporate such slate-of.llmxim compotwnts as a Iaser.driven phouxkcrron source, J compu~[
hi~h-gradient wcelem.tor, a computer-~ control system, and ~rmanent-mag~t ti-rra.nspxt elemen~ Inm Lhesy$wm. 1II,*.c
subsystems and our planned future upgrades are described iII I.I’Iispaper.

2. FACILITY

Figure 1 shows a layout of l.bc facility 1. lhe total floor area IS 40 ft by 70 ft. The FEL system WIII be Insudlcd m J
radiation vault that is 12 ft by 25 fL The vault has 4- ft-thick cotwrete wall md a 6-in-thick SUI celling [o provldc rtidlml~m
shielding. A control room and a room housing a drive laser for the photixl~tron sourec and tk diisgnosucs of the EEL lIglIL ,UL’

hxated at ~jxenl sides of the vaulL

Figure 2 depicts the Iayou[ of the FEL system. The elecuon km is genemted by a high-brightness xcclcrwor w)(I tlt’lI\ ~r~d
to J 6 f[ by IO fl optical table, The optical table, which is mounted verucxtlly, suppons he beam line and the wIgglcr. ,AIi. r
~uvcrslng the wiggler, the km ISr.ranspxicd to a txam dump that is tclow ground level,

3. HIGH-BRIGHTNESS ACCELERATOR

The high. bnghtrtess mxclcrata com~ a I&sr.driven photcclecuus .scnme2 and a high-gradient accclcmrmr It IS dt’\IgIl~sd
[o prcxhxe an elecuon bmn wil.h art instantaneous!tmmverse emiuance that is > Iti mm md Md M energy sprcisdt)l < (), I ‘“!
[Mhcr brn p,ramelers are listed in Tnble 1,

The photocathode, formed from CsK2Sb, has a diamem of 10 mm, Figure 3 is a schematic of the drrvc lascr~, M1)1(h
comprises an Nd:YLF mtxk.lmked Imcr, s fiber-optic puk cocn~r, and Nd:} M amplifiers, The drive -l~scr hewn bii:1
wuvclcngth of 523 nm. The lo.pS mlcrr@w arc emil~d u a m~ of I(J8 M~; tie I(JW mucropulses uc cmlllcd ti( J r;l[(, ~)1
10 Hz, AI an mncropulsc-averaged power of I kWl lhe drive l~r can ~rxJuee k requir~ mlcropulse charge of 4 h II(’ .Ii l~)II,g J,

[hc phokxnthoilc mnintains a quantum cfficie~y of > 0,2%.

* Work WIpportcd by LAMAlumos Na[ionctl fAxmMory [nstituuond Supping Research, umlcr tic LN.ISpICCS 01 (IIC ( ‘IIIILItl $MI,\
I)cpartrncru d’ Energy,
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Fig, 1. Layout of MEL Facility.
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Table 1
AFEL beam parametcrx

charge per micropulse
shape of micropulse
micropulse Iengrh
peak microputse current
micropulsc frequency
average mm,xopulsecurrem
output energy
macropulse length
macropulsc rate
macropuke km power
insrantama.rs energy spread
instantaneous emittance
micropufw energy sqxead
micropulse emiuance

duty factor

. .. —- . ——.—

2.6 (4.6)a
gaussian (square)

11.7 (15,4)
2Q0 (310)

108
0.28 (0.50)

20.1
10 (50)
10(20)

5.6 (10.0)
<0.1
c 10

c 0.3
32 (20)

104 (lo-+

nC

ps
A

A
MeV
ps
Hz

%
x mm mrad
%
n mm mrad

a All numbers in bmckets are parameters for accclcralor opemtion
at liquid-nitrogen temperature,
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Fig. 3, Schematic of the drive Iu.ser.

Figure 4 is a schcmutic of the high-gradient xcelemtor, consisting of a vacuum vessel und an on-axis-coupled im](mr(’ thJt
~pxntcs tit the ti mode. [t has 10 full accelerwing cells and onc half accclemdng CCII. Initially, the suucturc WIII bc ~q~r:llcd JI J

tcmpemture of 90°F to produce a 20-McV ham with an average macropulse current of 280 mA, At u I&!cr s[.ngc,the srrw:turc u Ill

kc opcmted at liquid-nitxogen tempcramra AL this Iowcr temperature, the reduced power loss at the stzucturr WIII UIIOW:1hl@cr
avcmgc mocropulse current of 5(KI mA. Six titanium rods support the the stmcmre inside the vacuum vessel, These rods proi I(IL

thr [hcnmd insulation nccewury so that wc can opcmte the structure M liquid-nitrogen tcmpemture. ‘Ile iirrangcmcnt 01 tlww 1()(1,

MC designed so rht heir thcrnud expansion WIII produce only a rotnt.ion of the structure wuh no tmnsvcrw tilsIJluct*IIl(’tIl\.
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Fig. 4, Schematic of the high-gradient accelerator. Dimensions sre in inches.

The phomcdmdc-cmiued electron beam is focused by a \ -kG axial magnetic field thaLIS pmvIdcd by a solcm)ld ~NI[:Idc [h,’
~ac~um vessel und extends over the first two accclcraung cells. To obtain optimum cmmance, rnagneuc Iicld IS rcducd h) lcr{~ 1~)
u buckln~ solenoid at the ciuhodc (Fig,4)

Wc hnvc designed the structure as follows to pmdu~ high-quality ckctron bcams4, Fiml, wc will u,sea t’our-slut (~)uplln~
schcmc at the fust two accelerating CCIIS(Fig, 5) to eliminate the quadrupok forces that m produced by a ~~nvcnu~)~l Iwu ~lIM
couplirrg schcmc. In a region with a solcnoidal field, a quadmpole force cau~ cmiuancc degradation of the bun, Second, WCit Ill

usc o two+lot coupling scheme for the rest of the slructure to minimize the phbiiity of rcgencralivc beam brcukup, W M Ih(i
coupling-dot oricmation rotated by 90” between neighboring accdcrating CCIIS,tic couplings of dipdc mok$ arc grcml y rw!uc (’d
compimd to the case of four coupling !dols. Third, we will accclcme the cktron beam in a high field grwhcm, 25.4 llVhII II III(’
first half cell and 21 S MV/m at tic rest of the accclcnuor, to minimim tic cmiuancc growth cau.scd by ~p~c-~hiugc Iurt’ci.
Fourth, wc will [uric tic I“ustcotrpling CCII to a 5 MV/m Iicld Ievcl so tit multipmxoring can be twoldcd al J solcnmdul I Irld (tl
I kG,
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Fig. 5, Cavity-coupling scheme of tie high-gradient accelerator structure. The orientation of the coupling SIOISarc $hou II -\L’,

are the accelerating cells.

4, REAMLINE

Figure 6 is a schematic of the beamlines, We use two quadruple doublets to match the beam cmergmg from lhc :i.icl:r.ti,r

to the resl of Lhebeamline, The use of a matchmg section reduces the inuxdependence of beam dynarmcs between dw xc~~lcr.l[t)r

and the rest of the beamline, and durs simplifies the setup and operation of tie FEL system, The rest of tie bwmllnc ~on~l>[~ ,11.i
60” achromatic bend, a wiggler, a spectrometer, and a below-ground beam dump. To minimize the FEL syswm’s SIZC.Ac d,’~ld:)
very compact components,
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We use permanent-magnet quatipoles and dipoles because of their compact sue, simple demgn, rohsuwss, md lc,~tr

demands on power and water cooling, Figure 7 and 8 show the design of the quadruple and the dipole6. wc can v~ [ht nl:i~r!,t,.
fields by using stepper motors. The operating range of Ihe quadruple is between -10 and +60 T/m, and that of tie dIpL)ICI\
between 0.1 and 0.5 T. Both the quadruple and the dipole show good linearity over IJ’reirrespective o~tratrng rarrgcs.

u
L1 1 1
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MAGNET P I ECE
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J [7:fN

Fig. 7, AFEL quadruple doublet design.
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We design the bearnline to minimize emiltancc growth caused by wakcfields, We use only 1-In Ixamplpc throughout (tICi
lin~.. At the achromatic bend, we keep the beam sti.e small to oblain a large km divergence, lle beam can thcrctmc [L)lL’rd(~kuuc
wakcfield e[fects without significantly incrau+ing the emiuance, For a beam that remains on axis in lhc bml, wc CSLIIIIAIC W,II III(’

cmittirncc growth citu.sedby the wakeftelds generated by the adjoim.~g pipes (or the drive-lit.scr and %1. bcarns WIII t-wt~.~~’~
Additional cmittarwc growth is expected when the beam is off axis (Fig. 9).

s. BEAM DIAGNOSTICS

Wc have knxttcd diagnostic equipment along the beamlirw to monitor various beam pammcters, TMlc 2 N u IIW 01
diagnosuc device.. thtit wc use and rhc parameters that we monitor.

We will U.SCbeam position monitors which have four short capacitive picktlps7, They have a Positwrt ik:urutv {)1 2$ LIIIt

[lean position monitm interlined with Lambertson coils that are manufactured on printed-circuit boards direct WC t’lcctr(m {m J\I\

We monitor the beam cmittancc by observing optical transition radialion8 (OTR), (.)TR is produced when the l{IW(I II IK’JIII

impinges on a metallic surface.



Table 2
Diagnostic devices used in the ,AFEL syslem

“button” beam position monitor I beam position I
macroptdse current

resistive wall-current monitor micropulse current
OTR diagnosuc transverse emmarwe

beam size
beam divergence

bWtromcux beam energy
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Fig. 8, AFEL dipole design.
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Fig, 9, Emittitncc ~rowttt at he Utuomatic bend aS a function of beam displucemcnt off tixw.



6. CONTROL SYSTEM

The emirc facility is engineered to imerfxe with a compwcr- based control systemg to minimize stif-mg rqui.remcnls and w
make tJe system more user friendly. We will use Lhecomputer initialfy to monitor the system and IaLer [o perform closed-l~p
conuols. l?se comrol system is the second generation of a control system developxl previously for the Ground-Tes[ Accelcralor In

fx)s Alamos.

Figure 10 shows a schematic of me AFEL Control System hardware. T1’recontrol console, a SLJN/Spare Worksu.w_m, IS
comecrezl [o a VME crate through arr EtherNet. The following conmolfers are irrchxkt in tie VME crare: a GBfP (IEEE-W+)
controUer which connects wiih most commercial insouments; an Allen-Bralley cmte which performs all Iow-spxd digld wu.i
analog I/0; arrd orher controllers such as the steppr motor conuollers.

Hardware Set-Up

SUN Workstation

D
Translenl
Diglhzer

Meters

Power Supply

VME Crate

t

l!3eppt3rhAotor,Drlver I

I I

Al

+

Molor

Fig, 10. Diugram of the hardware arrangement of the AFEL Control System.

Figure I I is a .schcmntic of the .softwarc environment
10, A ~m~e ~on~m inf~ation on ~] of [h~ ~ml~blcs Lhfltxc

monimrcd by he system: tise are called process vanablti The daMwse w lx meddled using tie Database ConfrgurJtiorl Tools
and displayed graphically using LheOfxmlor Interface, Programs can k written usin~ lhc State Notation LimgrJsJc m condl[lon:lll}

and sequentially control process vnrinble& Tire datiibase is stcmd on a hard disk using k Archlvcr.

There w mnny advantages m using ismrnputer-b-sd control system, Tlw systcln can be reconfigured more Ilcxlbly WIWII
ctusngcsof hardwam and modiftcatiom arc made. Conml can be added piezw’ml. Diffcmnt expcrimcnd W_IM-Y~~h M ~hc~lrl~~”
laser rwm, the klystron gaileq’, and the vaul~ can mdily communicate using Ethernet. Data can be easily archived am-lrnwk
instnntly tuxssiblc to vtuious u.scmsimuluuw.ously.



7. FEL OSCILLATOR

Initially, a 15-cm permanent-magnet wiggler will be used. lle wiggltx peried will be 1 cm and tie selected FEL
wiwelengti will be 3.7 W. The length of the resonator is 1,4 m. Resusator mirrors are 1 in in diameter. We WIIIuse both

broad-band silver mirrors and narrow-band muh.il.ayer dielectric minors al different times. We expect the following FEL
performance: a small signal gain of up to 30070, and a micropulse-averaged power of 1.85 GW with an extracuon efticicnc y o! J (i

At a later stage, we will usc electromagnetic microwigglem. Some of which will be 12 cm long wnh 3-mm prlods and

have a double-helix design 11. [t will tx driven by a pulsed dc current of 10 IA to generate a magneuc field up to 5 Tmlu on &IIi,
This microwiggler will produce laser light of 1.8 m. By operating at higher harmonics. we can reach submicron Iascr
wavelen~. At the fifth harmonic (0.36 ~), a small-si~~ gain &ove 150% is prcdic&d.
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Fig. 11. Schematic diagram of the software environment c! the AFEL Control Syslcm.

8. PRE7ENT STATUS

The facility and the high-brightness aelerator are now under construction. OrJer subsystems are at various stages d find]
design, We expect the high-brightness accelerator to be operating by November 1991.

9. REFERENCES

1, Karl Meier, “Engineering Considerations of the Advanced Free Electron Ltscr Facility,” to be prwentcd al the I Jth
Intemittional Free Electron Laser Conference, Santa Fe, New Mexico, August 25-30, 1991.

2, R. L, Sheffield, “Progress in Photoinjectors for Linacs,” Proceedings of tie 1990 Linear Accelerator Confcrcncc,
September 10-14, 1990,Albuquerque, New Mexico, LOS A~mos Nation~ ~~mw Rewfi LA- 12004-C c~nfercncc~ Pp ~~[)-
272, March 199i.



3. D. C. Nguyen, M. E. Weber, and R. G. Wenzel, “Design and Performance of the Los Alarnos AFEL Photocatiodc Dn i c
Laser,” to ?e presented at the 13ti Intemat.kmal Free Electron -r Conference, Santa Fe, New Mex]co, August 25-3o, 1991.

4. R. L. Sheffield, M. J. Browman, B. E. Carlsten and L. M. Young, “Physics Design of the High Brighmcss Llnw tw [hc
Advanced Free-Electron Laser Initiative at Los Alarnos,” to be presented at the 13th International Free Electron Law Confcrcncc.
Santa Fe, New Mexico, August 25-30, 1991.

5. T-S. Wang, K. C. D. Chan, R. L. Sheffield and W. L. Wilson, “Design of the e-Beam Transport Lme for the AFEL,” m
be presented at Ihe 13LhInternational Fres Electron Laser Conference, Santa Fe, New Mexico, August 25-30, 1991.

6. K. Halbach, “Conceptual Design of a Permanent Quadruple Magnet with Adjustable Strength,” Nucl. InsL Mcth. 206
pP. 353-354 (1983).

7. R. E. Shafer, “Characteristics of Directional Coupler Beam Position Monitors”, IEEE Trans. Nucl. Science NS32
pp. 1933 (1985).

8. R. B. Feldman, A. H. Lumpkin, D. W. Rule, R. B. Fiorito, “Developments in On-line Eleci.ron Beam Emitrance
Measurements Using Opt.icd Transition Radiation Technique,” Proceedings of the 1lth Interniitional Free Electron Liner
Conference, Naples, Flori~ Aug. 28-Sept 1, 1989, edited by L. R. Ehas and I. Kimel, published by Elsevier Science Publlshcr,,
North-Ho!land, The Netherlands, pp. 193-198.

9. W, L. Wilson and A. J. Kozubal, “Rapid Development of a Measurement and Control Sys[em for the Advmcd Free

Elearon Laser,” to be presented at the 13th International Free Electron Laser Conference, Santa Fe, New Kfexlco, August 25-.30,
1991.

10. M. E. T?WOL L. G. Burczyk, L. R. Dalesio, C. B. Fite, J. O. Hill, J. A. Howell, A. J. Kozubal, and S. C. Lloyd,
“LDS Alamos Accelerator Control System (LAACS),” Los Alamos National Laboratory report LA-UR-89-3571.

11. R. VJ. Warren, “Design Considerations fro pulsed Microwigglers,” presented at tie 12th International Free Elmron
Laser Conference, Paris, France, Sept. 17-21, 1990.


